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Abstract

Obesity and type 2 diabetes mellitus (T2DM) are chronic pathologies with a high
incidence worldwide. They share some pathological mechanisms, including
hyperinsulinemia, the production and release of hormones, and hyperglycemia.
The above, over time, affects other systems of the human body by causing tissue
hypoxia, low-grade inflammation, and oxidative stress, which lay the
pathophysiological groundwork for cancer. The leading causes of death globally
are T2DM and cancer. Other main alterations of this pathological triad include the
accumulation of advanced glycation end products and the release of endogenous
alarmins due to cell death (i.e., damage-associated molecular patterns) such as the
intracellular proteins high-mobility group box protein 1 and protein S100 that
bind to the receptor for advanced glycation products (RAGE) - a multiligand
receptor involved in inflammatory and metabolic and neoplastic processes. This
review analyzes the latest advanced reports on the role of RAGE in the
development of obesity, T2DM, and cancer, with an aim to understand the
intracellular signaling mechanisms linked with cancer initiation. This review also
explores inflammation, oxidative stress, hypoxia, cellular senescence, RAGE
ligands, tumor microenvironment changes, and the “cancer hallmarks” of the
leading tumors associated with T2DM. The assimilation of this information could
aid in the development of diagnostic and therapeutic approaches to lower the
morbidity and mortality associated with these diseases.
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Core Tip: The receptor for advanced glycation products (RAGE) is involved in every stage of the pathophysiological
pathways that lead to the progression of obesity, type 2 diabetes, and cancer. This article provides a focused discussion on
the stages of obesity leading to the development of metabolic diseases and provides a broad overview of the contribution of
RAGE to the development of diabetes and cancer.
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INTRODUCTION

Obesity, diabetes, and cancer are chronic diseases, the prevalences of which have all increased in parallel, and are leading
causes of death worldwide[1]. However, the forecasts for these health problems are not encouraging. For example, the
prevalence of diabetes is estimated to increase by 2045, specifically in middle-income countries to 21.1%, in high-income
countries to 12.2%, and in low-income countries to 11.9%. Meanwhile, the incidence of malignant neoplasms in people
under 50 years of age is also rising[2,3].

Although esophageal adenocarcinoma has a direct link to obesity, and pancreatic cancer can debut with type 2 diabetes
mellitus (T2DM), there is an evident connection between the three disorders. Moreover, there is confusion about their
shared lifestyle risk factors, including sedentariness and consumption of highly processed foods[4-6]. Regarding the
common pathological mechanisms of obesity, T2DM, and cancer, expansion of adipose tissue (AT) results in the
production of excess estrogen, adipokines, and inflammatory molecules that can lead to systemic or localized low-grade
inflammation. In addition, omental and visceral adiposity is related to hyperinsulinemia and increased levels of insulin-
like growth factor-1 (IGF-1)[7]. The metabolic abnormalities and lipo-glucotoxicity associated with insulin resistance and
T2DM also cause an increase in inflammatory cytokines and oxidative stress. As a result, neoplastic processes can be
triggered by T2DM and, likewise, obesity][8].

The pathogenic mechanisms that link obesity, T2DM, and cancer are complex and multifactorial. Because there is a
notion of progression from obesity to T2DM towards cancer, our motivation for this review was to provide a detailed and
up-to-date discussion on these mechanisms in the context of a single molecule known as the receptor for advanced
glycation end products (RAGE). As such, this narrative review incorporates the conceptual framework and reports on
findings extracted from two literature databases, the Reference Citation Analysis (https://www.reference-
citationanalysis.com/) and PubMed, to provide a reflective discussion of RAGE’s implications for the progression of
obesity to T2DM and from T2DM to cancer.

RAGE is an immunoglobulin superfamily member and a type I pattern-recognition receptor. It is also a sensitive
environmental sensor with several endogenous and external ligands. Furthermore, it is a widely expressed modulator of
inflammatory and oxidative stress pathways with vast metabolic implications[9]. RAGE isoforms include soluble forms
(sRAGE) that act as decoy receptors, sequester circulating ligands, and attenuate membrane RAGE signaling[10]. Soluble
forms derived from membrane-localized RAGE are released into the circulation by proteolytic cleavage (c(RAGE), and
endogenously secreted RAGE (esRAGE) is formed by alternative splicing. In addition to the sSRAGE isoforms and the full-
length membrane receptor (fIRAGE) - the only isoform that participates in signal transduction, there are also the
dominant-negative isoforms lacking the cytoplasmic tail and the truncated isoform lacking the V-type immunoglobulin
domain[11] (Figure 1A).

OBESITY AND T2DM

Initially, the function of RAGE was established in the context of chronic disease, specifically T2DM and its complications,
in which persistent hyperglycemia triggers inflammation, oxidative stress, and endothelial damage[12,13]. However,

there is more evidence that an increase in RAGE ligands is present in the early stages of metabolic dysfunction in obesity
[14,15].

RAGE ligands

The most recognized ligands of RAGE are the advanced glycosylation end products (AGEs) and lipid oxidation adducts
(ALEs). These are taken in from diet or produced by endogenous metabolism through non-enzymatic and spontaneous
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Figure 1 Receptor for advanced glycation products signaling and molecular mechanisms involved in progression from obesity to type 2
diabetes mellitus. Receptor for advanced glycation products (RAGE)-ligand signaling in healthy control subjects, obese individuals (OB), and OB with insulin
resistance is illustrated. A: Full-length, total soluble, dominant-negative (intracytoplasmic, lacking domain), and truncated (lacking a V-terminal) RAGE isoforms; B:
Basal metabolic rate increase in muscle, decreased phosphorylation targets of protein kinase A, and weight gain (adipose tissue) are findings in obesity related to
increased RAGE isoforms and ligands; C: The mechanism trapping RAGE-ligand in tissues involves translocation of cytoplasmic RAGE to the membrane,
inflammation (nuclear factor-kappa B), and oxidative stress (NADPH-oxidase) in peripheral mononuclear blood cells, liver, muscle, pancreas, and adipose tissue. The
B cell lymphoma-2 proto-oncogene mediates RAGE apoptosis signaling in pancreatic beta cells and leads to type 2 diabetes mellitus. Advanced glycosylation end
products, advanced lipoperoxidation end products, and islet amyloid polypeptide (also known as amyloid) are RAGE ligands. RAGE: Receptor for advanced glycation
products; CT: Control subjects; OB: Obese individuals; OB-IR: Obese individuals with insulin resistance; IRAGE: Full-length receptor for advanced glycation
products; SRAGE: Soluble receptor for advanced glycation products; BMR: Basal metabolic rate; PKA: Protein kinase A; NF-kB: Nuclear factor-kappa B; PBMCs:
Peripheral mononuclear blood cells; Bcl-2: B cell lymphoma-2; AGEs: Advanced glycosylation end products; ALEs: Advanced lipoperoxidation end products; IAPP:
Islet amyloid polypeptide.

Maillard-type reactions in which proteins and nucleic acids react with carbohydrates, lipids, or their intermediate
metabolites[16,17].

Foods cooked by roasting, grilling, frying, drying, heating, or adding artificial colorants, salt, oil, or sugar are often
present in ultra-processed foods to make them suitable to store[6]. In addition to those above, an increase in the diet’s
caloric, fat, and glycemic indices leads to a significant rise in the levels of circulating AGEs. Some exogenous-derived food
AGEs are N&-(5-hydro-5-methil-4-imidazolon-2-il)-ornithina (MG-H1), Ne-carboxyethyl lysine (CEL), and Ne-carboxy-
methyl lysine (CML), in addition to the precursor methylglyoxal[18-20].

The problem gets worse when an individual also consumes other substances like alcohol and tobacco. Cigarettes are a
source of AGEs, and smoking them causes RAGE expression to rise, which is linked to airway inflammation in chronic
obstructive pulmonary disease and causes sSRAGE to decrease in smoke-induced cardiovascular disease[21,22]. The
increase in mitochondrial-derived reactive oxygen species (ROS) caused by the RAGE pathway in smoke-exposed skeletal
muscle is one of the hypothesized mechanisms in this regard[23]. In vitro, oral squamous cell carcinoma treated with
cigarette smoke extract showed an increase in RAGE with a link to a rise in invasive ability[24]. Additionally, RAGE is
elevated in alcoholic liver disease, affecting blood triglycerides, low-density lipoprotein cholesterol, and alanine transa-
minase levels. RAGE also contributes to the accumulation of lipid droplets in the liver and modifies the expression of
SREBP1, a transcription factor involved in lipid homeostasis[25].

Serum AGE accumulation from the diet can lead to cross-link formation that irreversibly changes endogenous proteins
independent of glycemic control. Birukov ef al[26] found that in people with prediabetes and T2DM, there were
significant variations in the levels of AGEs in the skin. Additionally, AGE measurements in that study were related to
factors such as waist circumference, glycated hemoglobin (commonly known as hemoglobin Alc) levels, C-reactive
protein levels, and vascular stiffness. Further research is required to determine the sensitivity and accuracy of testing
AGE accumulation and its relationship to disease status.

In addition to the above, other natural substances such as catechols, myeloperoxidase systems, and the polyol pathway
are implicated in producing endogenous AGEs in obesity and states of insulin resistance[27,28]. Likewise, the link
between AGEs in obesity and T2DM is the accumulation of lipids and their oxidized products. Thus, the accumulation of
free fatty acids and subsequent ALE production aids in the progression of obesity to T2DM][29,30]. Oxidative stress
promotes the lipoperoxidation of membranes and the production of metabolites such as 4-hydroxyl-trans2-nonenal,
acrolein, aldehydes such as malondialdehyde (MDA), and ketoaldehydes such as 4-oxo-trans-2-nonenal. These may start
with obesity and insulin resistance and can result in the creation of endogenous ALEs like MDA-Lys[17,31,32]. Further
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studies are required on the mechanism by which the progression from obesity to T2DM is affected by the ALEs-RAGE
interaction and their aldehyde precursors produced by lipid peroxidation.

In this regard, in obese subjects, RAGE induces migration of macrophages because of the rise in lipid peroxidation and
the accumulation of ALEs in renal tissue that leads to kidney injury[33]. Patients with T2DM have high levels of ALE
(MDA-Lys), which induces the activation and adherence of monocytes to endothelial cells by increasing the expression of
monocyte chemotactic protein-1 (MCP-1) and activating the nuclear factor-kappa B (NF-kB) pathway causing inflam-
mation[34]. Recent comprehensive reviews have addressed endogenous and exogenous AGE and ALE formation in
obesity[17], T2DM, and cancer[28,35,36].

There is consistent evidence regarding how ultra-processed foods, ALEs, and AGEs disrupt the microbiota causing
dysbiosis, the subsequent translocation of lipopolysaccharide (LPS), and endotoxemia[37,38]. Likewise, dysbiosis is
related to obesity, low-grade inflammation, and the progression of insulin resistance and T2DM[39]. However, few
publications implicate RAGE as an LPS ligand to mediate inflammatory processes in obesity[40]. This issue needs further
investigation, and an exciting future research opportunity may focus on T2DM prevention with respect to the
relationship between AGEs/ALEs, RAGE, and dysbiosis.

According to the most recent definitions, chronic low-grade inflammation begins when molecules and metabolites,
resulting from altered cell function and structure and foods, stimulate receptors and activate their signaling cascades with
dysregulated energy homeostasis. To this end, RAGE mediates danger signals to the body and metabolic stress charac-
teristic of innate immune systems, since RAGE detects ligands from microbes via exogenous pathogen-associated
molecular patterns such as LPS. Furthermore, damage-associated molecular pattern (DAMP) ligands are derived from
endogenous sources such as high-mobility group box protein 1 (HMGB1), 5100/ calgranulins, amyloid deposits like B-
amyloid peptide, and macrophage-1 antigen[41].

AGE and ALE metabolites can be considered DAMPs that are not derived from exogenous sources such as the diet,
and the term “metabolism-associated molecular pattern” is proposed for these specific ligands. It is essential to differ-
entiate between them and demonstrate that both endogenous and external components are involved in these responses
[42]. An opportunity for experts in the field is to reach a consensus with respect to the classification of all exogenous and
endogenous ligands for pattern-recognition receptors.

RAGE-trapping ligands

Several investigations in human subjects have found an association between obesity and low circulating AGE levels[43].
Complex detoxification and clearance kinetics of AGEs could lead to inconsistent study results. The concept of
entrapment of AGE in tissues proposes that AGEs are no longer circulating because they are trapped in tissues as
metabolic risks increase in individuals[44-46] (Figure 1C).

For instance, high RAGE expression in AT is implicated in its dysfunction and is evidence of a link between RAGE
signaling and the progression of obesity to associated metabolic disorder. A high level of RAGE expression in human
epicardial AT is related to its thickening, low glucose transporter type 4 expression, and high HMGB1 expression[47]. In
this context, visceral omental AT and fetal membrane samples from women with gestational diabetes revealed higher
levels of RAGE and the HMGBI1 ligand, respectively[48]. RAGE signaling pathway proteins were also found to be
expressed differently in omental and subcutaneous biopsies from obese people with healthy phenotypes. Subcutaneous
AT showed a higher correlation between the RAGE signaling axis, inflammatory markers, and the homeostatic model
assessment of insulin resistance (HOMA-IR)[49]. A study with a murine RAGE (-/-) model demonstrated protection
against inflammation and oxidative stress and protection against insulin resistance. Interestingly, this model showed that
the most beneficial characteristics of RAGE knockout were found in female mice[50]. Additionally, RAGE is related to the
adaptive thermogenesis function of brown AT through the decline in energy expenditure caused by a high-fat diet,
possibly mediated via the accumulation of AGEs[51,52] (Figure 1B).

In addition to dysregulation in AT discussed above, chronic inflammation also plays a pivotal role in obesity-related
insulin resistance that leads to metabolic dysfunction in the liver and muscle. Insulin resistance is characterized by
alterations in insulin signaling in sensitive tissues, hyperinsulinemia with defects in glucose uptake in muscle and AT,
impaired suppression of hepatic glucose production, and ectopic accumulation of fat in the muscle and liver through re-
esterification of fatty acids from AT[53,54] (Figure 1C). To this end, an increase in AGE accumulation in liver biopsies has
been linked to RAGE expression, lipid accumulation, and the degree of liver damage without association with the
measurements of sSRAGE and circulating serum AGEs[55,56]. These studies demonstrate how RAGE affects hepatic
conditions caused by the accumulation of AGEs in tissue in non-alcoholic liver disease.

RAGE expression and the accumulation of AGEs are linked to weight gain, inflammation, and oxidative stress markers
in human muscle tissue[57]. For instance, one study demonstrated that RAGE expression and the accumulation of AGEs
in skeletal muscle in a fructose-supplemented murine model were related to alterations in the oral glucose tolerance test
curve, increased triglycerides, inflammatory response, increased basal metabolic rate, and resting metabolic rate[58].
Moreover, chronic AGE exposure is linked to sarcopenia[59]. However, the implications of obesity- and T2DM-induced
RAGE expression in muscle tissue are less well explored in humans[60].

Along with the mechanism of trapping excess RAGE ligands in tissues, it is known that the SRAGE form eliminates
dangerous circulating ligands and functions as a competitive inhibitor of ligands that might bind to cellular RAGE,
supported by studies in which sRAGE levels were found to be low[61-64]. The role of SRAGE in metabolic diseases is
debatable because it depends on the degree of disease development and the levels of cell and tissue damage[65]. The
cRAGE levels are initially high in acute conditions, triggered by cleavage of fIRAGE, which increases its AGE-binding
activity. The main variations of SRAGE are attributed to the production of cRAGE shedding by metalloproteinases[66] to
compensate for the increase in AGEs in the early stages of low-grade inflammation[67-69]. As the concentration of sSRAGE
decreases, sequestration and competitive inhibition of ligands decrease and as such they can reach cellular fIRAGE,
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leading to an inflammatory response and subsequent tissue damage[68-70] (Figure 1C).

In prediabetes, plasma levels of SRAGE and esRAGE are all negatively correlated with the HOMA-IR index of insulin
resistance and MDA. This correlation matches their reduction as insulin resistance develops in an oxidative environment
[67]. Another study with similar results comparing healthy people to those with prediabetes and T2DM found low levels
of esRAGE and an inverse linkage with S1I00A12[71]. Miranda et al[62] showed that all RAGE isoforms were lower when
grouped by pancreatic dysfunction (i.e., healthy controls, individuals with glucose intolerance, and those with T2DM).
Thus, according to the above, the negative correlation of sSRAGE with RAGE ligands or increase of the AGE/esRAGE
index seems to be more related to individuals with obesity-related insulin resistance and early T2DM[72], and low
cRAGE concentrations are a marker of aging[72,73]. Even the elevated AGE/esRAGE index could distinguish between
those with non-alcoholic fatty liver disease without T2DM and healthy individuals[74]. Further studies are needed to
determine the precise interactions between sRAGE, esRAGE, cRAGE, and their ligands in these disease states.

Since sRAGE and resting energy expenditure are related, one of the most recent discoveries regarding the expression of
soluble variants is SRAGE’s contribution to adaptive negative energy balance. In an investigation of the influence of
sRAGE on the change in energy expenditure that occurs during weight loss, it was found that, under caloric restriction,
adaptive changes arise that slow down energy expenditure. Specifically, after a 3-mo intervention for weight loss due to
caloric restriction, energy expenditure increased by 52.6 kcal/d for each 100 pg/mL increase in basal sSRAGE levels.
Increases in esRAGE and cRAGE similarly translated to concomitant rises in energy expenditure, by 181.6 kcal/d and
56.1 kcal, respectively. This finding illustrates the potential impact of a RAGE feedback mechanism, in which a reduction
in sRAGE could slow energy expenditure during weight loss[75]. Furthermore, one mechanism by which RAGE controls
energy expenditure is through the suppression of adaptative thermogenesis in white and brown AT via the decline of -
adrenergic signaling in adipocytes blocking protein kinase A (PKA) phosphorylation targets[76].

Still more, the subcellular localization of RAGE can change, a process related to oligomerization in the membrane after
RAGE interaction with ligands[77]. A previous study demonstrated increased localization of RAGE in the cell membrane,
rather than the cytoplasm, in peripheral blood mononuclear cells of obese individuals with insulin resistance compared
with healthy individuals. As such, sSRAGE correlates negatively with the HOMA-IR index and tissue damage markers[78]
(Figure 1A-C). Peripheral blood mononuclear cells may provide an accessible platform to study the relationship between
ligands and cellular RAGE, detect systemic inflammation, and relate these to tissue damage. The preceding argument
needs to be tested by additional research.

In T2DM, the pancreas loses its ability to secrete enough insulin in response to meals. One of the mechanisms of
pancreas failure is low-grade systemic inflammation. The activating signaling of RAGE in response to ligand binding
results in RAGE autoregulation through the increase of its synthesis, which is mediated by NF-kB[79]. In vivo and in vitro
models have shown that oxidative stress and inflammation are induced by AGE stimuli through NF-kB activation and the
formation of ROS, respectively[80]. These events are evidenced by the increase in the inflammatory serum marker C-
reactive protein, particularly in obesity[81]. Some antioxidants and drugs can modulate the AGEs-RAGE axis and the
activation of NF-kB, leading to the reduction of lipid peroxidation products in obesity models[82-84].

RAGE expression in the pancreas may be an essential mechanism for the development of T2DM in humans, based on
evidence from both in vitro and in vivo glycolipotoxicity studies[85-87]. In a rodent model of diet-induced hyperglycemia,
endogenous AGE products are produced, and RAGE expression is observed in pancreatic islets[87]. RAGE inhibition
prevented the increase of its expression, and decreased B cell lymphoma-2 (Bcl-2) expression and apoptosis of beta cells
treated with glycation serum. However, RAGE inhibition did not restore the ability of the beta cells to secrete insulin in
response to glucose[85]. RAGE endocytosis regulated by Rab31 ligand can inhibit apoptosis mediated by the pAkt/Bcl-2
pathway in beta cells treated with glycation serum[88]. In another study, the pancreas of db/db transgenic mice that lack
the leptin receptor but express RAGE (+/+) have less beta cell mass and less apoptosis, is glucose intolerant, and has
decreased insulin secretion. Likewise, when the MIN6 pancreatic beta cell line was treated with palmitate or oleate and
leptin antagonists to induce RAGE expression, pancreatic damage occurred[86]. Another mouse model of diabetes
induced by streptozotocin and a high-cholesterol diet treated with the water-soluble carotenoid crocin showed attenuated
atrophic effects in pancreatic tissue and decreased blood glucose levels through decreases in the expression of RAGE and
LOX-1[89].

DAMP/RAGE reports such as the activation of S100b/RAGE and the subsequent loss of beta cells by apoptosis via
NADPH oxidase and the protection of sSRAGE against amyloid deposition, beta cell loss, and glucose intolerance
demonstrate that they interact[90,91]. All of these findings suggest that RAGE can lead to pancreatic failure and the
progression of T2DM.

T2DM AND CANCER

Several studies have shown that the incidence of various malignancies increases in patients with T2DM. However, more
rigorous statistical analyses of observational studies demonstrate a more significant association of T2DM with colorectal,
pancreatic, hepatocellular, breast, and endometrial carcinomas. Even so, there are biases in these studies that make it
challenging to study the confounding variables of T2DM leading to cancer[92]. A more recent study included statistical
analysis of the “Mendelian randomization” studies to analyze genetic data from large-scale international consortia.
Ultimately, it allowed to link a possible causal relationship between genetically predicted T2DM and endometrial and
pancreatic cancer risks, and between the variable fasting insulin levels and breast cancer risk. In addition, numerous
studies have demonstrated the impact of glycemic traits on the emergence of different malignancies, establishing a
relationship between T2DM and cancer[93].
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Metabolic and hormonal factors found in patients with obesity, insulin resistance, and T2DM, such as hyperinsulinism,
hyperglycemia, IGF-1, adipokines, and estrogens, all of which are closely related to inflammation and oxidative stress,
function in the long-term as risk factors that support transformation to neoplastic cells in diabetic patients[94].

Estrogens

The increase in estrogen levels in obese patients is due to the positive regulation of the aromatase enzyme, encoded by
CYP19A1 and secreted by cells of the tumor stromal microenvironment. The activation mechanisms are triggered in
response to hypoxia, with activation of hypoxia-inducible factor-1 alpha (HIF-1a), fat tissue hormones (e.g., adipokine
leptin, which increases aromatase expression by phosphorylating serine at position 485 of AMPK and inhibiting the
aromatase suppressor), and inflammation processes[95]. Estrogen receptors are transcriptional factors of DNA
reprogramming that transduce extranuclear signals, resulting in the regulation of ion channels or kinase cascades such as
PKC/PKA/PI3-K/MAPK. The metabolic effects of estrogen on both tumor and normal cells are survival, cell prolif-
eration, and immunomodulation[96]. Estrogens are the most relevant risk factor for endometrial and breast cancers,
especially in postmenopausal women. Recently, studies have shown that the microbiota is a source of estrogen-like
compounds or estrogen mimics that could be involved in cancer progression[97].

Hyperinsulinism and IGF-1

The insulin receptor (IR) and insulin receptor substrate (IRS) are phosphorylated at Ser/Thr residues by inflammatory
cytokines and oxidative stress, resulting in insulin resistance and compensatory hyperinsulinemia[98]. Insulin induces
proliferation in tissues not involved in metabolism. Binding to its receptor (i.e., IR) activates the RAS/RAF/MAPK
kinase-dependent/ERK signaling pathways and increases cell survival and migration[99]. Another mechanism is
mediated by IGF-1, a hormone structurally and functionally similar to insulin that binds to IR and its receptor (i.e., IGFR).
This receptor, like IR, activates pathways that increase cell proliferation, and insulin enhances the liver’s production of
IGF-1, elevating the mitogenic activity of cancer cells expressing the IGFR[7,100]. The nuclear protein HMGA1 contributes
to the potentiation of insulin action. In addition, the HMGA1 protein overexpressed in triple-negative breast cancer cells
functions in chromatin remodeling and gene expression regulation, indirectly promoting enhanced IR expression through
the inhibitory effect on p53 expression, which usually keeps IR expression turned off.

Hyperglycemia

Although hyperglycemia is the primary cause of T2DM pathophysiological abnormalities, it also contributes to the
development of cancer through several processes that either directly or indirectly harm DNA, RNA, lipids, and proteins.
The production of ROS, accumulation of mutations and inhibition of their repair, alteration of the immune system,
alteration of metabolism, and activation of oncogenes and inactivation tumor suppressor genes are some of the
carcinogenic effects that result from the formation of AGEs through non-enzymatic reactions and the subsequent
activation of RAGE[101]. Endogenous AGEs are categorized according to their precursor as follows: Glyoxal (GO)-
derived compounds including glyoxal lysine dimer, N7-(carboxymethyl)arginine, and CML; methylglyoxal-derived,
including MG-H1, methylglyoxal lysine, argpyrimidine, and CEL; 3-deoxyglucosone-derived, including pyrraline,
pentosidine, and deoxyglucosone lysine dimer; and derivatives of glucose, fructose, and glyceraldehyde that form DNA
adducts or cross-link with lysine or arginine altering protein structure and function[102]. These non-enzymatic protein
modifications elevate oxidative stress and inflammation by binding with cell surface receptors such as RAGE. Exogenous
AGEs play a role in the progression of cancer in addition to endogenous AGEs[29,103,104]. The metabolism and
pathogenic effects of endogenous and exogenous AGEs have recently been the subject of extensive reviews[105].

RAGE AND CANCER

RAGE, inflammation, and oxidative stress

Interactions between RAGE and its ligands in T2DM result in various cellular responses, including activation of signaling
pathways that cause oxidative stress and inflammation, which in turn cause various pathophysiological effects such as
apoptosis, autophagy[106], senescence, and osteogenic differentiation[107], remodeling processes of the extracellular
matrix, and activation of fibroblasts significant in vascular, neuronal[108], and musculoskeletal processes[109]. AGEs in
T2DM accumulate in the extracellular matrix, forming cross-links with type I collagen and allowing long-lasting
activation of RAGE. This also initiates a complex signaling network that allows the formation of ROS, activates the
signaling pathway through ERK1/2 which then phosphorylates and activates NF-kB, and directly induces inflammation.
Another alternative signaling pathway to the AGE-RAGE/ERK1-2/PKC pathway involves Rap-1, which induces inflam-
mation, remodeling of the extracellular matrix, and oxidative stress[110].

RAGE and hypoxia

Hypoxia is frequent in solid malignant neoplasms due to the high proliferation of neoplastic cells, which does not allow
rapid vascularization of neoplastic tissue so that the oxygen demand exceeds the supply. Another factor is the formation
of new blood vessels that do not have the integrity of their vascular wall; a continuous outflow of blood results in tissue
oxygenation deficiency[111]. Under these conditions, a series of genes regulated by HIF-1a are activated, allowing
survival through the expression of genes that promote angiogenesis, metabolic reprogramming, lipid accumulation[112],
inhibition of apoptosis, invasion, and metastasis. HIF-1a also promotes inflammation via NF-kB signaling in hypoxic
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environments. In this tumor niche with inflammation, hypoxia, and cell death, DAMPs activate the NF-kB pathway
mediated by RAGE, thereby amplifying HIF-1a activity[113]. In this hypoxic setting, stromal cells are also affected by
RAGE,; this is the case in adipocytes, where the AGE/RAGE/NF-kB pathway is activated and prolongs the inflammatory
and hypoxic processes. Other effects of hypoxia include the stimulation of cell adhesion mediated by MCP-1, chemotaxis,
and the polarization of macrophages towards a proinflammatory phenotype, specifically through the RAGE/NF-kB
pathway in tryptophan hydroxylase 1 monocytes[114].

RAGE, survival, and programmed cell death

Cell death is a physiological process that keeps tissues healthy by systematically removing damaged cells to prevent an
immune response. Although necrosis is a kind of cell death, it is pathological and only happens when there has been a
significant tissue injury coupled with an immune response. Non-pathological cell death can take many forms, including
apoptosis, necroptosis, and autophagy[115]. RAGE is involved in all three death pathways and can be activated by AGEs,
HMGB1, and S100. In normal tissues, both the intrinsic and extrinsic apoptosis pathways are activated[116], and ROS,
NF-kB, and MAPK mediate the stimulation. High levels of ROS induce the apoptosis pathway, but if they are low,
autophagy is activated. Reduced HMGBI activates Beclin-1-mediated autophagy pathways, but if oxidized, it activates
apoptosis[117].

RAGE promotes cancer cell autophagy, which eventually permits survival by utilizing nutrients through the
catabolism of their cellular components in a blood-free environment with no access to external nutrients and hypoxia.
RAGE-dependent signaling pathways that promote autophagy involve PI3K, NF-kB/Beclin-1, PKC, and/or RAF/p38-
MAPK/ERK]J118]. Likewise, in cancer cells, apoptosis is inhibited, which indirectly allows cell perpetuation and survival.
The pathways that inhibit apoptosis start with the binding of HMBG1/RAGE, which induces the formation of ROS and
activation of NF-kB; another pathway involves Akt and matrix metalloproteinase-9[119].

RAGE and senescent cells

Cell senescence is present in T2DM and cancer. Frequently occurring in tissues undergoing metabolic shock, chronic
inflammation, or oxidative stress, cell senescence is a physiological response that aims to prevent genomic instability and
the consequent DNA damage that leads to metabolic reprogramming. In addition, senescence relates to decreasing
immune surveillance, thus facilitating cancer initiation and progression[109,119-121]. The same markers found in the
carcinogenesis process discussed above, such as IGF, HIF-1a, AGEs, and RAGE, were discovered in a proteomics study
looking for plasma proteins that indicate a senescence-related decline in health[122]. In a model of endothelial senescence
induced by protein products of advanced oxidation, the presence of modified p53 at amino acid K386 by SUMOylation
was associated with evasion of apoptosis[123].

RAGE ligands

RAGE aids in the removal of endotoxins and debris from apoptotic bodies during the processes of oxidative stress,
hypoxia, and inflammation. Cellular damage occurs that causes the release of intracellular molecules that, outside the cell,
behave as alarmins, specifically the S100 and HMBG1 proteins, also known as DAMPs, which act as endogenous RAGE
ligands[124]. These proteins are also known as “moonlighting proteins” since they have various functions depending on
their location. For example, when the HMGBI1 protein locates inside the nucleus, it organizes chromatin[125]. In contrast,
S100 is a protein that functions as a Ca?" sensor[126], and like HMGB1, when located extracellularly, it functions as an
alarmin. Tumor initiation and progression, as well as tissue damage, are significantly influenced by endogenous DAMP/
RAGE ligand signaling. Numerous malignancies, including colorectal[127], hepatocarcinoma[128], pancreatic[129],
breast, and endometrial cancers, overexpress HMGB1 and S100[35].

The primary ligands that bind to RAGE in cancer cells, such as AGEs, HMGB1, and S100, activate several signaling
pathways such as PI3K/Akt, ERK 1/2, JAK/STAT, Ras/ MAPK, Rac/cdc42, p14/p42, p38, and SAP/JNK/MAPK, and
transcription factors such as NF-kB, STAT3, HIF-1a, AP-1, and CREB[118,130], and thus activate a series of genes whose
functions are essential in the initiation, promotion, and extension of various malignant neoplasms. These functions are
known as “cancer hallmarks” and include cell proliferation, inhibition of apoptosis, inhibition of tumor suppressor genes,
evasion of immunity, increased survival, invasion, metastasis, angiogenesis, genomic instability due to failure to repair
mutations, and metabolic dysregulation[35,124] (Table 1).

RAGE and tumor microenvironment

Tumorigenesis is the process by which healthy cells develop the capacity to become cancerous cells, which implies, in
addition to genetic and epigenetic alterations in DNA, the formation of the tumor microenvironment. The tumor microen-
vironment is determined by the interaction between resident immune cells, mesenchymal stromal cells, and tumor cells,
the paracrine signaling between them, and the anatomical niche built-up by the extracellular matrix and blood vessels. In
addition to cancer-affected fibroblasts, the tumor microenvironment contains infiltrating tumor-associated macrophages
that promote tumor survival[131,132]. The tumor microenvironment includes the extracellular matrix, blood vascular
structures, and paracrine signaling between stromal cells and tumor cells (Figure 2).

Recent studies have revealed that the involved cells and specialized three-dimensional structures are unique to each
tumor by tissue[133-135]. Table 1 outlines the traits of the tumor microenvironment in hepatocarcinoma, colorectal,
breast, and pancreatic cancers with RAGE implications. These findings demonstrate that RAGE promotes different
adaptive phenomena for the survival, initiation, and progression of malignant tumors. Nevertheless, it is necessary to
mention that RAGE overexpression varies in cancer related to T2DM because of the cellular heterogeneity of the
neoplastic process. The Human Protein Atlas database shows RAGE detection rates in malignant cells by immunohisto-
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Table 1 Studies published between 2018 and 2022 on receptor for advanced glycation products-ligands, related activated pathways,

and cancer hallmarks in the most frequent neoplasms found in diabetic patients

. Ligands and signalin Molecule
Neoplasia g g g Cancer hallmarks TS/AM/CL Ref.
pathway expressed
Breast cancer AGE/RAGE, ERK1/2; Akt, c- IL-8/CXCR1/2 Migration and invasion CL; CAFs, TNBC (MDA-  Santolla et al[137]
fos MB-231 cells)
HMGA1 Cell proliferation, CL; TNBC (MDA-MB-231  Shah et al[138]
metastasis, and EMT and Hs578)
HMGB1/RAGE Motility, migration, TS; human breast cancer, ~ Chen et al[139]
invasion, and dysregu- AM; NOD/SCID mice,
lation of metabolism CL; human breast cancer
cells (MCEF-7, T-470,
BT474, MDA-MB-231, ZR-
75-30, BT549) and human
fibroblast cells HFL1
HMGB1/PI3K/ Akt PD-L1 Cell proliferation, CL; human breast cancer ~ Amornsupak et al

JBaishideng®

HMGBI, PI3K/ Akt, mTOR

HMGB1/RAGE

HMGB1/RAGE, ERK 1/2,
CREB

S100A14/RAGE, NF-kB

S100A7/RAGE, PI3K/ Akt,
ERK1/2, STAT3

S100A7/RAGE, cPLA

S100A8/A9-RAGE, FAK, Akt,
Hippo-YAK

LPS/S100A7/TLR4/RAGE
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HIF-10, VEGF

Downregulation of
miR-205

CCL2/CXCL5

IGF-1

PGE2, CD163+

FLNA, CTGF, Cyr61

984

migration, invasion, and
T-cell apoptosis

Migration and

angiogenesis

Cell growth, invasion, and
EMT

Bone metastasis and
neurite outgrowth of
nervous system cells

Migration, invasion, and
lung metastasis

Angiogenesis

Immunosuppression, M2-
macrophages, CD4+,
CD8+, and T cells

Cell proliferation and
migration

Migration and invasion

July 15,2023 | Volume14 |

cells (MDA-MB-231 P,
MDA-MB-231 BM)

TS; human breast cancer
CL; human breast cancer
cells MCF-7

TS; human breast cancer
CL; TNBC (MDA-MB-231,
MDA-MB-453, MDA-MB-
468) and NTNBC (MCEF-7,
MCE-10F)

AM; 4T1 mice CL; mouse
breast cancer 4T1, primary
rat nervous system cells
DRG, rat DRG/mouse
neuroblastoma hybrid
cells F11, immortalized rat
DRG neuronal cells 50B11

TS; human breast cancer
and paired adjacent breast
normal, metastatic lymph
node, and non-metastatic
lymph node AM; BALB/c,
BALB/c, SCID beige,
C57BL/6], CMV-
CreC57BL/ 6], S200-/ - and
S100A14-/- PyMT mice
CL; human breast cancer
cells MCF7, MCF10A,
T47D, SKBR3, BT549,
MDA-MB-231, MCF10AT,
MCFCAT1h, MCFCA1la
and mouse breast cancer
cells 4T1

CL; human breast cancer
cells MCF-7, T47D, and
HUVEC:sS cells

AM; NOD SCID gamma
mice CL; human breast
cancer cells MDA-MB-231,
MDA-MB-468 and mouse
mammary cancer cells
MVT-1

CL; HEK293T and TNBC
(MDA-MB-23 and BT-549)

AM; orthotopic breast
cancer C57BL/6 mice
model CL; murine
mammary cancer cells
EO771, MTV-1, murine
metastatic mammary cells
EO.2, human breast
carcinoma cells SUM 159,

[140]

He et al[141]

Wang et al[142]

Okui et al[143]

Li et al[144]

Muoio et al[145]

Mishra et al[146]

Rigiracciolo et al
[147]

Wilkie et al[148]
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Hepatocellular
carcinoma
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acHMGB1/RAGE,
$100A4/RAGE, Gas6/ AXL

S100A16

HMGB1/RAGE

S5100B/RAGE, NF-kB

IGF1R-Ras/RAGE-HMGB1,

AGEs/RAGE, KLF5

TCTP, HMGB1/RAGE, NF-kB

$100A9/RAGE/TLR4

HMGB1/RAGE, Kras/Yapl

S100B/RAGE,
p38/pAkt/mTOR

HMGB1/RAGE, pERK1/2,
pDRP1

S100A9-TLR4/RAGE-ROS,

HMGB1/RAGE

HMGB1/RAGE, ATG7

HMGB1/RAGE, JNK,
OCT4/TGFbl
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and EMT

Cancer prognostic marker
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Oncogenesis

Cancer initiation and
development

Invasion and metastasis

Immune suppression and
MDSC chemotaxis

Cell proliferation

Cell proliferation,
migration, invasion, and
angiogenesis

Cell viability, autophagy,
and chemoresistance

Cell proliferation,
invasion, and metastasis

Cell proliferation and
tumor differentiation

Cell proliferation, fibrosis,
and autophagy

Migration and invasion
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MDA-MB-231 and MDA-
MB-468

AM; murine orthotopic
mammary cancer CL;
human MSCs, geminin
overexpressing breast
tumors Gem197, Gem240,
Gem256, Gem257 and
Gem?270 cells, CAFs, and
MO- TAMs and M2-TAMs

TS; human colorectal
cancer

TS; human colorectal
cancer CL; human
colorectal cancer cells
SW480, and SW620

CL; human colon cancer
cells HCT116

TS; Human colorectal
from diabetic patients

AM; diabetic mouse
model and CL; human
colon cancer cells HCT116

TS; human colorectal AM;
tumor xenografts BALB/c
nude mice CL; human
colon adenocarcinoma
cells LoVo

TS; human colorectal
cancer and normal colon
CL; Human colorectal
cells LoVo, and MDSCs

CL; human colorectal
cancer cells HCT116 and
SW480

CL; human colon
adenocarcinoma cells
CaCo

TS; human colorectal AM;
athymic nude BALBC/c
mice CL; human colorectal
cells SW480, SW620, and
LoVo

TS; HBV+ and HBV-
hepatocellular carcinoma
AM; BALB/c mice and
C57BL/6 mice CL; human
liver cells QSG-7701,
human hepatocellular
carcinoma cells
HepG2.2.15, mouse
hepatocellular carcinoma
cells H22 and HUVEC
cells

TS; primary hepatocellular
carcinoma

TS; mouse hepatocellular
carcinoma AM; Atg7,
RAGE, HMGBI transgenic
C57BL/6Jmouse

TS; human hepatocellular
carcinoma AM; BALB/c
nu/nu mice CL; human
hepatocellular carcinoma
cells HepG2, HCCLM3,
Huh7, SMMC7721 and
MHCC97H

Ryan et al[149]

Sun et al[150]

Huang et al[151]

Zheng et al[152]

Niu et al[153]

Wang et al[154]

Huang et al[155]

Huang et al[156]

Qian et al[157]

Seguella et al[158]

Huang et al[159]

Zhan et al[160]

Ando et al[161]

Khambu et al[128]

Lietal[162]
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S100A4/RAGE, b-catenin OCT4, SOX2, CD44 Fibrosis and carcino- TS; human hepatocellular  Li et al[163]
and Nanog (stem genesis carcinoma AM; S100a4-
cell-associated genes) EGFP, S100A4*/*CFF,

S100A47/" transgenic mice.
CL; human hepatocellular
carcinoma cells Huh7 and
murine liver cancer cells

Hepl-6
HMGB1/RAGE, ERK1/2 CXCL2, IL-8, TNF, Macrophage activation AM; primary murine Bachmann et al
IL-6, IL-10, IL-23-p19  and inflammation hepatocytes from male [164]

C57BI/ 6] mice, and
primary murine
splenocytes from male
C57BI/CJ CC; murine
hepatoma cells Hepal-6
and Hep-56.1D, human
hepatoma cells HepG2,
RAW 264.7 macrophages
and monocytic cells THP1

HMGB1/RAGE, NF-kB circRNA 101368, Cell migration TS; human hepatocellular  Li et al[165]
miR-200a carcinoma CL; human
hepatocellular carcinoma
cells HCCLM3,
MHCC97L, SMMC7721,
Hep3B, HepG2 cells, and
normal hepatocyte cells
THLE-3

Pancreatic cancer =~ RAGE NET Neutrophil autophagy TS; human pancreatic Boone et al[166]
carcinoma AM; Wild type
C57BL6 mice and RAGE”-
C57BL6 mice, orthotopic
pancreatic cancer model,
CL; murine pancreatic
cancer cells Panc02,
MDSCs cells

RAGE, PI3K/AKT/mTOR Cell viability CL; human pancreatic Lan et al[167]
cancer cells MIA Paca-2,
BxPC-3, AsPC-1, HPAC,
PANC-1, MIA Paca®®MR

RAGE, ERK1/2/ Akt Alpha2andalphal  Cell proliferation, CL; human pancreatic Swami et al[129]
integrin downregu-  invasion, and migration cancer cells Panc-1
lation

AGE/RAGE, TGFbl a-SMA, collagen 1, Fibrosis and EMT TS; human pancreatic Uchida et al[168]
IL-6 ductal adenocarcinoma

AM; WT-C57BL/6 and
RG-C57BL/ 6 mice CL;
primary PSC, human
pancreatic ductal
adenocarcinoma cells
BxPC-3 and AsPC-1

HMGB1/RAGE, PI3K/ Akt Atgb, Beclin-1, LC3-II  Autophagia and apoptosis CL; human pancreatic Chen et al[169]
inhibition cancer cells MIA Paca-2
and MIA Paca®t™R

AGE: Advanced glycation end products; Akt: Protein kinase B; AM: Animal model; Arg-1: Arginase-1; ATG7: Autophagy related 7; CAFs: Cancer-
associated fibroblasts; CCL2: CC-chemokine ligand 2; circRNA: Circular RNA; CL: Cell line; cPLA: Cytosolic phospholipase A2; CREB: cAMP response
element-binding protein; CTGF: Connective tissue growth factor; CXCL: CXC motif chemokine ligand; CXCR: C-X-C Chemokine receptor; Cyr61: Cysteine-
rich angiogenic 61; DRG: Dorsal rat ganglion; pDRP1: Phosphorylated dynamin-related protein 1; EMT: Epithelial-mesenchymal transition; ERK 1/2:
Extracellular signal regulated kinase 1/2; FAK: Focal adhesion kinase; FLNA: Filamin A alpha; HIF-1a: Hypoxia-inducible factor-1 alpha; HBV: Hepatitis B
virus; Gas6: Growth arrest-specific gene 6; HMG: High mobility group; acHMGB1: Acetylated high mobility group B1; HUVECs: Human umbilical vein
endothelial cells; IGF-1: Insulin-like growth factor-1; JNK: Jun N-terminal kinase; KLF5: Kruppel-like factor 5; LPS: Lipopolysaccharide; MDA-MB-231 P:
MDA-MB-231 Parental cells; MDA-MB-231 BM: MDA-MB-231 bone marrow; MDM: Mouse double minute 2 homolog; MDSCs: Myeloid-derived
suppressor cells; MIA Paca®t™MR; MIA Paca gemcitabine resistant; MSCs: Mesenchymal stem cells; mTOR: Mammalian target of rapamycin; NET:
Neutrophil extracellular traps; NF-kB: Nuclear factor-kappa B; iNOS: Inducible nitric oxide synthase; NTNBC: Non-triple-negative breast cancer; OCT-4:
Octamer-binding transcription factor 4; PI3K: Phosphoinositide 3-kinase; PD-L1: Programmed death ligand 1; PGE2: Prostaglandin E2; PSC: Pancreatic
stellate cell; Ras: Rat sarcoma virus; RB: Retinoblastoma; RAGE: Receptor for advanced glycation end products; S100: Soluble 100% protein; a-SMA: Alpha-
smooth muscle actin; SOX2: SRY (sex determining region Y)-box 2; STAT3: Signal transducer and activator of transcription 3; TAMs: Tumor-associated
macrophages; TCTP: Translationally controlled tumor protein; TGFb1: Tumor growth factor beta 1; THP1: Human monocytic cell line derived from acute
monocytic leukemia; TLR: Toll-like receptor; TNBC: Triple-negative breast cancer; TNF: Tumor necrosis factor; TS: Tissue sample; VEGF: Vascular
endothelial growth factor; Yap1: Yes associated protein 1.
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Figure 2 Tumor microenvironment in type 2 diabetes mellitus. In type 2 diabetes mellitus patients, elevated estrogen levels, hyperinsulinemia, insulin-like
growth factor-1 levels, hyperglycemia, endogenous advanced glycosylation end products (AGEs), and advanced lipoperoxidation end products (ALEs) promote
cancer initiation and progression in the tumor microenvironment (TME). Receptor for advanced glycation products (RAGE) plays an essential role in the TME by
promoting inflammation, oxidative stress, endotoxin clearance, senescence, and programmed cell death by binding to endogenous AGE/ALE ligands and damage-
associated molecular patterns, primarily the high mobility group box 1 proteins and S100 proteins. To overcome a hypoxic and acidic microenvironment, tumor cells
coordinate a metabolic program (Warburg effect), cell survival (senescence and cell death program), angiogenesis, extracellular matrix remodeling, proliferation,
invasion, and metastasis. Tumor cells interact with resident immune cells and recruit mesenchymal stromal cells, cancer-associated fibroblasts, tumor-associated
macrophages, tumor-associated neutrophils. RAGE: Receptor for advanced glycation products; ROS: Reactive oxygen species; T2DM: Type 2 diabetes mellitus
patients; IGF-1: Insulin-like growth factor-1; AGEs: Advanced glycosylation end products; ALEs: Advanced lipoperoxidation end products; HMGB1: High mobility
group box 1 proteins; MSCs: Mesenchymal stromal cells; CAFs: Cancer-associated fibroblasts; TAMs: Tumor-associated macrophages; TANs: Tumor-associated
neutrophils.

chemistry as follows: Hepatocarcinoma at 50%; pancreatic cancer at 33.3%; breast cancer at 25%; endometrial cancer at
16.6%; and colorectal cancer at 8.3%[136].

CONCLUSION

RAGE is an environmental sensor with complex and multiple functions involved in every stage along the patho-
physiological pathways that lead to the progression of obesity, T2DM, and cancer. Therefore, it is crucial to analyze each
of the processes that RAGE is involved in, as the assimilation of this information could help in developing more accurate
diagnostic and treatment approaches. For instance, this review has highlighted how RAGE acts from the earliest stages of
the initiation and development of obesity, T2DM, and cancer. Recognizing all participating RAGE isoforms in their tissue
and cellular locations could predict the progression points and provide diagnostic markers. In this manner, we would
also be able to distinguish between a patient who is obese, has a low grade of inflammation, and is on the frontline of
developing T2DM or most likely to respond to nutritional intervention.

On the other hand, RAGE participates in the initiation of neoplastic processes. Since its presence indicates cellular
senescence and the presence of cancer cells with more aggressive activity, it is not surprising related to a poor prognosis
and has potential as a cancer biomarker to help predict patient outcomes. Since RAGE participates even in the first stages,
it has potential as a preventive and immunomodulator for therapeutic purposes to reduce morbidity and mortality
associated with the development of obesity, T2DM, and cancer. Inhibitors of RAGE may be helpful in the treatment of
obesity and diabetes mellitus. Studies have shown that RAGE is overexpressed in AT. Obesity is well known to
contribute to inflammation and insulin resistance, which are hallmarks of obesity and diabetes. RAGE inhibitors could
reduce inflammation and improve insulin sensitivity in obesity and T2DM; however, the majority of RAGE inhibitor
studies have focused on cancer treatment. Some RAGE inhibitors under study are cromolyn, RAP, RAGE peptide
antagonist, and gefitinib. While there are currently no RAGE-specific therapies approved for use in humans, there are
pre-clinical studies investigating the potential of RAGE inhibitors as a treatment for various diseases. We review herein
the topically relevant literature, delimiting by process, organ, and tissue to provide a progressive and systemic overview.
It should be read and generalized with caution, as there are still many gaps in the knowledge about RAGE since most
studies are experimental-based (in mice) and cross-sectional studies (in humans).
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